Biological control efforts against the perennial invasive Euphorbia esula/virgata in North America have left 30-50% of all treated sites without impact after 10-15 years. Those efforts focused almost exclusively on insect releases. Much evidence is available indicating that soil biotic factors affect both invasiveness and biocontrol effectiveness. The authors have shown that soilborne bacteria and fungi are linked to biomass reductions or mortality in conjunction with insect damage. To understand factors possibly affecting synergistic interaction of the insects with plant pathogens shown to cause rapid weed mortality, predominant bacteria associated with the flea beetle Aphthona flava Guill. (Coleoptera: Chrysomelidae) released to control E. esula/virgata L. in western North America, were isolated and identified. Two Euphorbia-infested sites with widely differing levels of impact 8-10 years after insect release were sampled. From the site that exhibited rapid, sweeping declines in Euphorbia density, 6 of 12 isolates were Bacillus spp., 4 were coryneform species and 2 were Pseudomonad aceae. Bacteria isolated from the Cottonwood site included some species often associated with the biocontrol of soilborne plant pathogens. The results of tests for a range of hydrolytic enzymes showed that the two groups differed in the frequency of isolates positive for such enzymes as cellulase and xylanase. Two isolates from each location representative of predominant bacterial species and their range of traits were selected for testing on E. esula/virgata in combination with Aphthona spp. After 35-37 weeks, two isolates positive for cellulase from the Knutson Creek site caused significant (P = 0.05) dry weight reductions of E. esula/virgata plants of 64% and 6%, respectively, in combination with Aphthona spp. One of the two isolates from the Cottonwood site, also positive for cellulase production, caused a 60% reduction in dry weight compared with the control.
Introduction
The hypothesis addressed in this work is whether the degree of biological control activity of the flea beetle Aphthona flava Guill. (Coleoptera: Chrysomelidae) on the perennial invasive prairie plant, Euphorbia esula/ virgata L. (leafy spurge) is associated with traits within members of the bacterial community vectored by the beetle. It is not known whether the microflora associated with the flea beetles contains species that could affect E. esula by either acting as antagonists against the documented plant pathogens or enhancing pathogenicity through accentuating tissue degradation. Previous studies by the senior author have shown that the effective biological control at the Knutson site was because of the presence and action of Rhizoctonia solani Kuhn and Fusarium oxysporum Schlecht. emend. Snyder and Hansen that were isolated from plants at that site. These fungal species, obtained from insect-damaged tissue of E. esula/virgata, were shown to be highly virulent either independently (Caesar, 1994 (Caesar, , 1996 or in combination with Aphthona spp. (Caesar, 2003) . Hydrolytic enzymes were chosen as the traits of interest because of their potential for increasing plant tissue damage as well as conversely acting against soilborne pathogens through lysis of fungal hyphae. Bacterial isolates were tested for hydrolytic enzyme production to determine whether there were trends in enzyme spectra amongst isolates from beetles recovered at a successful biocontrol site and isolates from a less successful release site.
Previous studies by Kremer have documented deleterious rhizobacteria that can damage E. esula (Kremer and Kennedy, 1996; Kremer et al., 2006) .
Materials and methods

Plant propagation
Plants used in this study were propagated from cuttings of plants obtained from a single E. esula/virgata infestation in northeast Montana. Plants weighing ca 30 g or more were selected for the experiment, after being produced through continuous culture over more than 1 year and were of an overall size nearest to typical field-size plants as was achievable in the greenhouse whilst retaining a degree of apparent vigour similar to that observed in the field. Plants were grown in the greenhouse at 20-28°C in a potting medium containing equal volumes of peat and vermiculite in 15 × 15 cm (diameter × height) plastic pots.
Source and collection of Aphthona spp. and associated bacteria
To ascertain whether adults of Aphthona spp. might vector plant pathogenic bacteria, active adults of the flea beetles Aphthona nigriscutis Foudras and Aphthona la certosa (Rosenhauer), were collected using sweep nets from two sites within the Theodore Roosevelt National Park, located in western North Dakota. One site, a portion of the flood plain of Knutson Creek, experienced dramatic reductions in stand density of E. esula/virgata following establishment of the flea beetle A. lacertosa and attainment of high populations of the insect. Another site, Cottonwood, contained stands of E. esula/ virgata that had remained apparently unimpacted over several years following releases of Aphthona spp. despite establishment of the flea beetle. Half of the Aph thona adults collected from each site were washed by placing five adult flea beetles per tube in test tubes (five tubes per lot) containing 9 ml of pH potassium phosphate buffer and vortexing for three 1-minute periods interspersed with pauses of 30 s. Tenfold serial dilutions were prepared from the insect washes and plated on triplicate plates of 0.3% tryptic soy agar (TSBA) and Kings medium B and incubated at 25-28°C. Five apparently distinct colonies were selected from dilution plates on which 20-200 colonies occurred. To include bacteria that might be internal, the beetles of the respective companion lots were washed by vortexing in three changes of a pH phosphate buffer/20% ethanol solution. After the final wash, beetles in groups of five were re-suspended in 9 ml of sterile pH phosphate buffer and ground with a mortar and pestle. Tenfold serial dilutions were plated on media. All cultures were stored over the short term in pH potassium phosphate buffer at 4°C and in Luria-Bertani medium with 15% w/v glycerol at −80°C for long-term storage.
In vitro tests of bacterial traits
To investigate the effect of phenotypes that included a range or varying intensities of hydrolytic enzyme production might have on the capacity to interact with insect herbivory, hydrolytic enzyme activities of the bacterial isolates were tested using published methods. Filter-sterilized solutions of 0.1 % 4-methylumbelliferyl N-acetyl β-d-glucosamine, 0.1% 4-methylumbelliferyl N-acetyl β-d-glucosaminide (chitin is a homopolymer of N-acetyl-glucosamine; the latter substrate assays for β-N-acetylhexosaminidase, a chitin oligosaccharidase), 0.25% p-nitrophenyl β-d-mannopyranoside and 0.25% p-nitrophenyl β-d-glucopyranoside (Sigma Chemicals, St Louis, MO) (Fahey and Hayward, 1983) in pH phosphate buffer in sterile 96-well microtitre dishes were used to give 150-200 µl per well. Plates were inoculated with isolates and incubated at 20°C for 10-14 days (Santos et al., 199) . Clearing of coloured substrates on agar media during incubation at 20°C for 10-14 days was used in tests to indicate xylanase (Biely et al., 1985) or β-1,4-glucanase (Scott and Schekman, 1980 ) using 0.2% Remazol Brilliant Blue xylan (4-O-methyl-d-glucurono-d-xylan dyed with Remazol Brilliant Blue R) (Biely et al., 1985) and 0.2% Ostazin Brilliant Red hydroxyethylcellulose (hydroxyethylcellulose dyed with Ostazin Brilliant Red H-3B) (both from Sigma Chemicals), respectively, in 2YT medium (Sipat et al., 198 ) with 1.5% agar. Tests for polygalacturonase (Hankin and Lacy, 1984) and cellulase (Barros and Thomson, 198) were also performed. Isolates were also assessed for in vitro antibiosis against two soilborne fungal pathogens of E. esula: a Pythium spp. isolate and a R. solani isolate. Bacteria were streaked near the edge of Petri dishes containing 0.3% TSBA, and immediately thereafter, agar plugs taken from colony margins of one of the fungi were placed at the opposite side of plates. Plates with these bacterial/fungal pairings were incubated at 20°C and examined for zones of inhibition after 36 h. Degree of inhibition was scored as −, +, ++ or +++ based on 0, <1-cm, >1- to 2-cm and >3-cm-wide zones of inhibition, respectively.
Identification by fatty acid methyl ester profiles
Bacterial isolates were identified based on wholecell cellular fatty acids, derivatized to methyl esters, i.e. fatty acid methyl esters. Isolates from frozen cultures were streaked twice successively on 3% TSBA. After 24 h, cells were harvested and immediately frozen at −20ºC. Fatty acid methyl esters were obtained by saponification, methylation and extraction following the manufacturer's procedure. Bacterial isolates were analysed using the MIDI Microbial Identification Software (Sherlock TSBA40 Library version 4.5; Microbial ID, Newark, DE). The fatty acid methyl ester profile of Stenotrophomonas maltophilia (Hugh) Palleroni and Bradbury (ATCC 1363) was used as a reference for the MIDI determinations. Strains with a similarity index (SIM) ≥0.300 are considered a good match and conclusively identified (Siciliano and Germida, 1999; Oka et al., 2000) .
Tests of insect/microbial interactions on E. esula/virgata in the greenhouse
Three isolates from each of the two sites were selected based on traits that broadly typified the respective groups in terms of their taxonomic classification and hydrolytic enzyme spectra. Isolates were grown in TSBA at 20 to 25ºC. Plants of appropriate size and mass were grown as described above. Cages consisting of nylon netting material (32 mesh or 530 lm mesh openings) supported by an aluminum frame were placed over all pots and secured with a clamp to prevent escape of flea beetle adults. Suspensions of isolates selected as described above were adjusted to ca 10 6 cells per ml and were poured into the potting medium, 200 ml per pot, in which E. esula/virgata was growing. Within 24 h of addition of bacteria to the pots, adults of A. flava were released, 15 per cage, into the cages. Ten caged plants of E. esula/virgata were treated with each bacterial isolate used, and the experiment was repeated once. Treated plants were grown in the greenhouse at 25-30ºC for 35-3 weeks, dried at 4ºC for 10 days upon harvest and weighed. Data were tested to confirm homogeneity of variances (Bartlett and Kendall, 1946) before pooling data from both trials for analysis using Waller and Duncan's exact Bayesian k-ratio least significant difference rule (P = 0.05) (Waller and Duncan, 1969) .
Results and discussion
Two of the nine assayed of isolates, whether originating from the highly impacted Knutson Creek site or the static Cottonwood site, had a similar average number of positive tests of hydrolytic enzymes (Table 1) . However, 6 of 12 Knutson Creek isolates were positive for a suite of three hydrolytic enzymes, β-N-acetylhexosaminidase, a chitin oligosaccharidase and two apparently distinct or dissimilar cellulases (all three degrade β-1, 4 sugar residues), whereas only a single isolate amongst the 12 from adults collected from Cottonwood were positive for these three enzymes. Only the three isolates with this suite of three enzymes, including two from Knutson Creek amongst the six isolates tested from the two sites caused significant reductions, ranging from 61% to 6% ( 
was not a helpful trait in dis-
tinguishing the two sets of isolates. The relevance of investigating bacteria associated with adult flea beetles is based on two premises: (1) that the bacteria carried by the flea beetles may be active participants in the phyllosphere and/or rhizosphere once they are carried passively to the plant and (2) that the bacteria found on or in the insects may represent species that predominate in the host plant/insect system. A further possibility is that these bacteria are endemic to the insect or to the plant leaf surface, root zone or perhaps vascular system. Bacteria that have been identified in the few studies done in these realms include species that were identified in the present study: Ochrobacterum spp. (Spiteller et al., 2000) , Cellulomonas Bergey et al. 1923 , Microbacte rium Orla-Jensen 1919 (Zinniel et al., 2002 , Bacillus spp. (Cho et al., 2003) , P. chlororaphis, S. maltophila, B. cepacia and Bacillus thuringiensis Berliner (Canganella et al., 1994) . The possibility that bacteria affect herbivory positively or negatively is in need of further exploration and could lead to some important contributions to a better elucidated understanding of biocontrol ecology. That the ecology of classical weed biocontrol is justifiably receiving greater attention seems evident by many contributions to the proceedings of recent International Weed Biocontrol Symposia (Spencer, 2001; Cullen et al., 2004) .
Although our results show the effects of the bacteria in reducing biomass of leafy spurge in conjunction with insect damage, a fuller understanding of the potential of such bacteria to cause stand reductions in combination with insects would require application of bacteria in the field following establishment of the flea beetles. Bacteria with the traits we have described are likely accessory to the larger, more pronounced effects of aggressive fungal root and crown pathogens, and they may provide additive effects. We propose to confirm this with further studies by distinguishing the comparative effects of fungi and bacteria. Fungi are two and a half times more likely than insects to be the cause of mortality when assessed using comparative risk survival analysis (Caesar, 2003) . It was beyond the scope of this study to show a definitive link of hydrolytic enzyme production and growth reduction. This study did provide indication for simultaneous further screening of additional candidate isolates, using criteria identified here and the immediate testing in the field of selected bacteria, such as isolates producing cellulase or a broad spectrum of hydrolytic enzymes in combination with Aphthona spp., for biological control of E. esula/ virgata. There remain many sites in the field where insects are established without apparent stand reductions where bacteria can be tested. Further, our work has shown that bacterial species not previously considered amongst those that are deleterious to plant growth can, in combination with insects, cause dramatically negative effects on invasive weed growth compared with insects alone. 
